A BSTRACT 'I Tle effects of elevated glucose concentrations on the metabolismii of the aortic wall were examined in a preparation of tubular segmients of rabbit (lescending thoracic aorta comlprised of intima and media only. Increased mediulmi glucose concentrations (20-50 mM) resulted in increased aortic sorbitol and fructose concentrations and ani inicreased rate of fructose release into the medium. This increased flux through the polyol pathway can be exl)lained as a consequence both of an increased free intracellular glucose concentration and of the kinetic characteristics of the alditol: NADP oxidoreductase and( the i-iditol: NAD oxidoreductase isolated and partially purified from rabbit thoracic aorta. Incubation withl elevated glucose concentrations for 2 or more hr was also associated with a significant increase in the water content of the tissue wvithout a significant increase in the inulin space. The oxygen uptake of the tissues incubated with elevated glucose concentrations was significantly reduced; this appears to result from a limitation imposed by oxygen diffusion at physiological oxygen tensionis. A compensatory increase in glycolysis and aln inicrease in the aortic lactate/pyruvate concentration ratio were also observed.
A BSTRACT 'I Tle effects of elevated glucose concentrations on the metabolismii of the aortic wall were examined in a preparation of tubular segmients of rabbit (lescending thoracic aorta comlprised of intima and media only. Increased mediulmi glucose concentrations (20-50 mM) resulted in increased aortic sorbitol and fructose concentrations and ani inicreased rate of fructose release into the medium. This increased flux through the polyol pathway can be exl)lained as a consequence both of an increased free intracellular glucose concentration and of the kinetic characteristics of the alditol: NADP oxidoreductase and( the i-iditol: NAD oxidoreductase isolated and partially purified from rabbit thoracic aorta. Incubation withl elevated glucose concentrations for 2 or more hr was also associated with a significant increase in the water content of the tissue wvithout a significant increase in the inulin space. The oxygen uptake of the tissues incubated with elevated glucose concentrations was significantly reduced; this appears to result from a limitation imposed by oxygen diffusion at physiological oxygen tensionis. A compensatory increase in glycolysis and aln inicrease in the aortic lactate/pyruvate concentration ratio were also observed.
The oxygen uptake and lactate production of tissue incubated with 50 mm glucose could he preserved at rates observed in tissue incubated witlh a physiological glucose concentration by the addition of 40 IiiM mannitol to the medium. Aortic intima and nmedia from alloxan-diabetic rabbits also exhibit an increased water content and a decreased rate of oxygen uptake. These observations suggest that elevated ambient glucose concentrations result in significant alterations in the nmetabolism of aortic intima and media.
INTRODUCTION
The possibility that lhyperglyceiiiia produces derangements in the metabolism of the arterial wall which might potentiate the effects of other genetic and en--vironmental factors that contribute to the development of arterial disease has not received serious consideration. The studies that form the basis of this report suggest that an elevated ambient glucose concentration results in significant alterations in glucose metabolism, water content, and respiratioin in the intima and media of rabbit thoracic aorta.
The immediate stimulus to these studies was the observation that the polyol pathway of glucose metabolism is operative in the aortic wall (1) . This pathway catalyzes the reduction of D-glucose to its polyol derivative, sorbitol, and its subsequent oxidation to D-fructose by the following reactions: The polyol pathway provides the mechanism for the synthesis of seminal fluid fructose in the accessory glands of the male genital tract (2) , and of fetal plasma fructose in the placenta (3, 4) . The physiological function of this pathway in other tissues is presently unknown. However, the presence of the polyol pathway in a tissue in which the intracellular transport of glucose is not rate limiting for its phosphorylation provides the basis of a pathological mechanism by which elevated plasma glucose concentrations result in cataract forma-aortic intima and media from normal or alloxan-diabetic rabbits, and that intracellular transport is not limiting for glucose phosphorylation in this tissue (7) (8) (9) . Both alditol: NADP oxidoreductase and L-iditol: NAD oxidoreductase activities were demonstrated in the thoracic aortas of humans and rabbits (1) . In addition, the sorbitol content of rabbit aorta was found to rise with increasing medium glucose concentrations during incubation in vitro (1). These observations suggested that the polyol pathway is operative in aortic intima and media, and that its activity is regulated, in part, by the ambient glucose concentration. The studies reported below concern the characteristics of the enzymes of the polyol pathway in rabbit aorta, and the effects of elevated medium glucose concentrations on polyol pathway activity, water content, and respiration in this tissue. METHODS Young, male, New Zealand rabbits (1.5-2.0 kg) were fed Wayne Rabbit Ration (Allied Mills, Inc., Chicago, Ill.) plus carrots and lettuce ad lib. They were sacrificed by decapitation. The descending thoracic aorta was rapidly removed, and dissected free of adipose tissue and adventitia by means of watchmaker's forceps while the tissue was immersed in Krebs-Ringer-bicarbonate buffer (KRB)1, pH 7.4, continuously bubbled with 5% C02 in air (KRB-CO2/ air). The details of this technique have been reported previously (7, 8) . The aorta was then cut into six equal segments, approximately 1 cm in length, that were designated 1 through 6 according to proximal to distal anatomical origin. The odd-and even-numbered segments were pooled to provide two paired samples (100-125 mg) from each aorta. Odd-and even-numbered samples were alternately assigned to each of the two test conditions examined in any series of paired experiments. The samples were blotted, quickly weighed on a torsion balance, and transferred to 25-ml Erlenmeyer flasks containing 5.0 ml of KRB-CO2/air plus appropriate substrate. The samples were incubated at 37°C in a Dubnoff metabolic shaker at 88 cpm for the times indicated in the text. The total time elapsed from decapitation to the start of the incubation did not exceed 10 min. Histological examination of the tubular segments indicates that they are comprised of intima and media only. In previous studies we have established that paired samples from a single aorta exhibit similar rates of glucose uptake, lactate production, oxygen uptake, and 14CO2 production from glucose-U-"C when incubated for 2 or 3 hr with 5 mm glucose; the oxygen uptake is linear throughout this period (7) (8) (9) .
At the end of the incubation the aortic tissue was rapidly removed, placed in 1.0 ml of cold 6%o HC104, and homogenized by hand in an all-glass homogenizer. Control experiments demonstrated that the values for aortic sorbitol and fructose obtained from samples handled in this fashion were nlot significantly different from those observed in paired samples that were quickly frozen in liquid N2 before homogenization in cold 6% HC104. (Prior freezing markedly increases the difficulty of homogenizing this tissue.) 1Abbreviation used in this paper: KRB, Krehs-Ringerbarcarbonate buffer.
The hoimiogeniate was cenitrifuged at 4500 g at 2'C for 15 min; portions of the resulting supernate were neutralized to pH 7.0 with 2 N KOH at 4°C, and left to stand at the same temperature for 30 min. The excess KCl04 was removed by centrifugation at 3000 g for 15 min at 2°C. Neutralized perchloric-acid filtrates of the media were prepared in a similar fashion to that described above; in the initial step 4.0-ml portions of the media were pipette into tubes containing 0.38 ml of 70% HClO4 at 4°C; final HCl04 concentration 6%. Portions of the neutralized filtrates prepared from the tissue and medium were analyzed for sorbitol and fructose by fluorometric enzymatic assays previously described (10), using an Eppendorf fluorometer modified according to the recommendations of Estabrook, Williamson, Frenkel, and Maitra (11).
Gas-liquid chromatographic ideintificationi of fructose and sorbitol (hexitol) in aortic tissue was carried out as previously described (10) . Xylulose and/or xylitol were not demonstrable in the aortic filtrates by this method. Lactate was determined in the neutralized perchloric-acid filtrates by the method of Hohorst (12) , and pyruvate was assayed by the method of Lowry, Passonneau, Hasselberger, and Schultz (13) . In those experiments in which glucose uptake was determined, Ba (OH)2-ZnSO4 filtrates of the media were prepared and analyzed for glucose by means of glucose oxidase (Glucostat, Worthinigton Biochemical Corp., Freehold, N. J.); the reaction was l)ermitted to continue for 45 min at 37'C.
In experiments in which the water content of the tissue was determined, aortic segments from three rabbits were pooled to provide three matched samples; each sample contained all of the six anatomical segments of the thoracic aota with a third of the segments derived from each of the three rabbits. The incubation was carried out in KRB-C02/air containing appropriate substrate for 3 hr at 37°C. After incubation the pooled samples were quickly blotted between pads of filter paper, and transferred to tared 5.0-ml beakers and weighed on a Mettler model H20T analytical balance (d = 0.01 mg) (Mettler Instrument Corp., Princeton, N. J.). The vessels were then placed in a vented oven at 99°C and the samples dried to a constant weight; this usually required 48 hr.
The inulin space in aortic samples incubated with glucose was determined by incubating paired aortic samples in 5.0 ml of KRB-CO2/air containing 5 or 50 mm glucose at 37°C for 2 hr. 12 ,uCi methoxy-(8H) -inulin, SA 0.178 mCi/mg (New England Nuclear, Boston, Mass.), was added to each flask at the start of the incubation in a volume of 0.01 ml. At the end of the incubation the tissue was rapidlv blotted, weighed on an analytical balance, and homogenized in 4.0 ml of 5%9 ZnSO4; 4.0 ml of a balanced Ba(OH)2 solution (0.3 M) was added and the homogenization repeated. After centrifugation, 0.1-ml portions of the supernate were dispersed in 10 ml of Aquasol (New England Nuclear) in a glass counting vial by means of a Vortex mixer. The samples were counted in an Intertechnique liquid scintillation spectrometer (model ABAC SL 40, Intertechnique Instruments, Inc., Dover, N. J.) with an internal standard. Ba(OH)2-ZnSO4 filtrates were prepared from incubation medium from each vessel and 0.01-ml portions of the filtrate were prepared and counted in the same fashion. In six of the experiments listed in Table Vb Young (4 months) male rabbits were nmade diabetic by the intravenous injection of alloxan monohydrate (75 mg/ kg) after an overnight fast, and were subsequently fed ad lib. After 3 wk, animals whose random plasma glucose concentration exceeded 300 mg/100 ml were sacrificed, and the water content of their thoracic aortas determined as described above. In additional experiments tubular segments of aortic intima and media were prepared from the thoracic aortas of alloxan-diabetic rabbits, andl the oxygen uptake of thc freshly prepared tissue was determined in KRB-CO2/ air containing glucose in the concentration found in the animal's plasma at sacrifice. In these experiments plasma glucose was rapidly determined by means of a Beckman glucose analyzer (Beckman Instrunments, Inc., Fullerton, Calif.). Aortas from normal male rabbits of the same age were studied concurrently.
To isolate rabbit aortic alditol: NADP oxidoreductase and L-iditol: NAD oxidoreductase, batches of 600 frozen young rabbit thoracic aortas (Pel-Freez Bio-Animals, Inc., Rogers, Ark.) were homogenized for 2 min at 4°C in a Waring Blendor in 6 vol of potassium phosphate buffer (5 mM), pH 6.8, containing 2-mercaptoethanol (I mm) (subsequently referred to as the standard buffer solution). All subsequent steps were carried out at 4°C. After centrifugation at 20,000 g for 30 min the protein conitent of the supernate was determined (14) and aged calcium phosphate gel was added (2.0 g/g protein) and the solution stirred for 1 hr. The gel and adsorbed inactive protein were removed by centrifugation at 20,000 g for 30 min. The supernatant solution was subj ected to ammonium sulfate fraction by the repeated addition of solid ammonium sulfate followed by centrifugation. The fraction precipitating between 40 and 80%o saturation with ammonium sulfate was dissolved in a small volume of the standard buffer solution.
The protein solution was desalted by gel filtration on a 2.5 X 85 cm column of Sephadex G-50 pre-equilibrated with standard buffer solution, and applied to a 2. The pooled fractions containing the peak of alditol: NADP oxidoreductase activity were brought to 80% saturation vith ammonium sulfate; the resulting precipitate was dissolved in a small volume of the standard buffer solution and applied to a 2.5 X 85 cnm column of Sephadex G-100 preequilibrated with the stanidard buffer, and the column was developed with the same buffer. A sinigle peak of alditol: NADP oxidoreductase activity was recovered. The pooled activity was precipitated by bringing the solution to 80% saturation with ammonium sulfate and stored in the cold.
Before study, the precipitate xw-as (lissolved in 1.0 ml of potassium phosphate buffer (50 mat ), pH 6.8, containing 2-mercaptoethanol (1 mM) and desalted by gel filtration on a 1.5 X Enzymatic activities were determined spectrophotometrically at 340 nm with a Gilford model 240 recording spectrophotometer (Gilford Instrument Laboratories, Inc., Oberlin, Ohio) at 30°C. Alditol: NADP oxidoreductase activity was determined in 1.0 ml of potassium phosphate buffer (60 mM), pH 6.2, containing D-xylose (400 mM) and NADPH (0.1 mM). The reaction remained linear for 5 min, and the rates were linearly related to the amount of enzyme added at all stages of the purification. L-Iditol:
NAD oxidoreductase activity was assayed in 1.0 ml glycineNaOH buffer (50 mM), pH 9.6, containing L-arabitol (100 mM) or sorbitol (10 mM) and NAD (3 mM).
As indicated in the text, most of the incubation experiments employed paired tissue samples anid the differences between paired samples were analyzed for significance by the t test for paired comparisons (15) . However, in some cases the mean and standard error of the mean for the groups in any series of experiments were also computed to permit comparison with data obtained in other series of experiments.
RESULTS
During the preparation of aortic intima and miiedia for incubation the tissue is exposed to large volumes of substrate-free buffer, and its sorbitol content usually decreases during this period. However, during subsequent incubation with 5 mm glucose, the sorbitol content reaches a level within 30 min that remains relatively constant throughout a 2 hr incubation (Table I ).
In contrast, the aortic fructose content continues to rise over the 1st hr and then appears to plateau (Table I) (Table I) . Sorbitol could not be detected in the medium at any glucose concentration. These observations suggest that there is a significant turnover of sorbitol in the aorta at a physiological medium glucose concentration. Further, it is apparent that the quantity of glucose utilized for sorbitol synthesis cannot be accurately estimated from the aortic sorbitol content alone. However, a rough estimate may be obtained from the quantity of fructose released into the mediunm during the incubation. This requires the assumption that the polyol pathway operates in an essenitially irreversible fashion in the aorta as it does in sheel) seminal vesicles (16) , and in human erythrocytes (10) . This assumption appears to be justified since incubation of aortic tissue with fructose concentrations as high as 50 mm failed to increase the aortic sorbitol or glucose concentrations above that observed in the absence of added substrate. (As recently noted by Atkinson (17) (Table 11 ). The fructose recovered in the miiediumii inicr-eased 3.5-fold when the mlediumiii glutcose was increased from 5 to 20 11M, aIld nmore than 6-fold wlhen the miiediumii glucose was increased from 5 to 50 mM (Table II) . Thus an elevated medium glucose concentrationl appears to produce an increase in both sorbitol syntlesis and sorbitol oxidation to fructose. (The per cent of the glucose uptake utilized via the polyol )athway at 20 or 50 nmii glucose cannot be accurately estimated because of the difficulty in accurately deternmininig glulcose tuptake at these medium glucose coincentrationis.)
The increased polyol pathway activity observed at elevated medium glucose concentrations can be explained in terms of the kinetic characteristics of the enzymes concerned with sorbitol synthesis and oxidation in rabbit aorta. Aortic alditol: NADP oxidoreductase resembles the enzyme originally described in sheep seminal vesicles (2) in its capacity to catalyze the NADPH-dependent reduction of a wide range of aldoses, as well as uronic acids (Table III) . It also exhibits the high Km for aldohexoses which have been characteristic of the alditol: NADP oxidoreductases isolated froim a numlber-of manimalian tissues (2, 19, 20) and from human placenta (4) (Table III) . Aortic alditol: NADP oxidoreductase has an apparent Km for glucose of 5.6 X 102 M. Thus an increase in intracellular glucose concentration wvould be expected to result in increased sorbitol synthesis over a wide range. This appears to be a reasonable explanation for the effect of ani increased medium glucose concentration on the rate of sorbitol synthesis, since the intracellular glucose concentration averaged 3.64±0.28 mm in tissue incubated with 5 mm glucose for 2 hr, and 26.48±4.78 mm in paired samples incuibated with 50 mm glucose, n= 6 (see Methods).
Rabbit aortiC L-iditol: NAD oxidoreductase catalyzes the NAD-dependent oxidation of sorbitol to fructose, and resembles hepatic sorbitol dehydrogenase in that L-arabitol is oxidized as well as polyols having a cis-2,4-dihydroxy configuration (21) ( Table IV) . The apparent Km for sorbitol of the aortic enzyme is 0.7 mm. If one assumes that the sorbitol present in rabbit aortic intima and media is uniformly distributed in intracellular water, the intracellular sorbitol concentration in tissue incubated with 5 mM glucose for A-2 hr would be of the order of 0.04 mm. This estimate is derived from the aortic sorbitol levels in Tables I and II , and from data which indicate that under these conditions the average water content of aortic tissue is 73.6±0.3% of the xvet weight (Table Va) , and the average inulin space is 56.7+1.5% of the tissue water (9) . Since the steadystate intracellular sorbitol concentration in aortic tissuie incubated with 5 mm glucose appears to be less than We the Km for sorbitol of L-iditol: NAD oxidoreductase, the rise in aortic sorbitol that results from an increase in nmedium glucose concentration (Table II) would explain the increased rate of sorbitol oxidation to fructose.
The possibility that incubation with elevated glucose concentrations results in an increase in the water content of aortic intima and media was examined. In control experiments the water content of paired aortic samples was determined immediately after preparation and after a 3 hr incubation with 5 mm glucose and no significant difference was observed. Subsequently, matched pooled samples of aortic tissue (see Methods) were incubated withr 5, 20, and 40 mm glucose for 3 hr. As shown in Fig. 1 , the water content of the samples incubated with 20 or 40 mm glucose was significantly greater than that of the matched samples incubated with 5 mm glucose. The most striking increase in water content, averaging + 5%, was observed when medium glucose was increased from 5 to 20 mm (Fig. 1) . With a single exception, a further, but smaller, increase was observed when the medium glucose was increased from 20 to 40 mm (Fig.  1) . The notation used to express the water content of the tissue, i.e., g/lOO g dry weight, was chosen to conform with that employed by Tobian and his associates in their studies of the water content of the arterial and arteriolar walls in experimental hypertension (22, 23) .
A significant increase in water content could also be demonstrated in aortic tissue that had been incubated with 50 mm glucose for 2 hr (Table Va) mM glucose was consistently less than that of paired samples incubated with 5 mm glucose (Table Vb) . Thus the increased water content does not appear to result from an increase in the inulin space.
The water content of aortic tissue incubated with 40 mm fructose was not significantly different from that of paired controls incubated with 5 mm fructose; mean A of Paired aortic samples were incubated in KRB-CO2/air at 37°C for 2 hr. In a, at the end of the incubation the water content of the tissue was determined. In b, methoxy-(3H)-inulin was added to the medium at the start of the incubation, and the inulini space determined as described in Methods.
Elevated Glucose Levels and Aortic Metabolism D-Galactose is also a substrate for .t oxidoreductase (Table III) Table VIII c  with Table VI) .
The oxygen uptake of aortic tissue preincubated with 5 mM glucose for 2 hr in medium saturated with the standard gas phase (5% C02 in 95% air) was the same whether the subsequent determination of oxygen uptake In a, the water content of freshly prepared aortic segments was determined. In b, oxygen uiptake was determined in KRB-CO2/air at 37°C containing glucose in the concentration present in the aniimal's plasma at sacrifice; average plasma glucose in diabetics = 391 mg/100 ml, and in normals 131 mg/100 ml. * Values are the mean-sE. t Number of animals. § P determined by t test of the differenices betweeni two meanis (15) .
was carried out in medium saturated with the standard gas phase or with 5% C02 in 95% oxygen (Table IX) (Table IX) . These observations support the conclusion that oxygen diffusion becomes limiting for respiration in aortic tissue incubated with elevated glucose concentrations. As shown in Table X , freshly prepared aortic intima anid media from alloxan-diabetic rabbits has a significantly greater water content than that from normal animals of the same age and sex. In addition, freshly prepared tissue from alloxan-diabetic rabbits exhibits a significantly reduced rate of respiration in medium saturated with the standard gas phase and containing glucose in the concentration present in the plasma at sacrifice, when compared with tissue from niormal controls incubated uinder the same conditions (Table X) .
DISCUSSION
Under the in vitro conditions emiployed in these studies, increasing the ambient glucose concentration to levels that may be observed in the plasma of human diabetics results in significant alterations in the metabolism of the aortic wall. These alterations include an increase in glucose utilization via the polyol pathway, an increase in tissue water that lies outside the inulin space, a decrease in respiration that results from a limitation imp)osed by oxygen diffusion, a compensatory increase in glycolysis, and an increase in the aortic lactate/pyruvate concentration ratio which probably reflects a change in the redox state of the free NAD+/NADH couple in the cytoplasm of componenit cells.
In considering the mechanisnm(s) responsible for the metabolic changes that result from incubating aortic tissue with elevated glucose concentrations, it would appear that after the initial half hour of incubation with high glucose concentrations, oxygen diffusion becomes limiting for respiration at medium oxygen tensions approximating that normally present in arterial blood, and there is a decrease in the respiratory rate. This appears to be responsible for the increase in glycolysis and the increase in the aortic lactate/pyruvate ratio. A relationship between the increased water content of the tissue and impaired respiration is suggested by the observations summarized in Table VIII . Thus, increasing the osmolality of the incubationi medium by the addition of 40 mM mannitol preserves a nearly normal rate of oxygen uptake and lactate production (i.e., sinmilar to that observed in tissue incubated with 5 mm glucose) in tissue incubated with 50 mm glucose for 2 hr. The increased water content of the tissue does not appear to result from an increase in the inulin space; however, this does not preclude the possibility that the increased water content is, in part, extracellular.
There appears to be a relationsliip between incubation with elevated concentrations of substrate (glucose or galactose) for aortic alditol: NADP oxidoreductase and the development of a significant increase in the water content of aortic intima and media. However, the magnitude of the increases in water content could not be explained as a consequence of the osmotic activity of the increased aortic sorbitol content observed in tissue incubated with 20 or 50 mM glucose. Meaningful speculation concerning the factors responsible for the increased water content must await studies of tlle effects of inicubation with elevated glucose concentrations on the fine structure of aortic intima and media, and a better understanding of the function and the intracellular localization of the polyol pathway. Irrespective of the mechanism (s) involved, the studies reported in this communication suggest that exposure to elevated glucose concentrations results in significant alterations in the metabolism of aortic intima and media under in vitro conditions.
The observations reported herein will require confirmation in other types of aortic preparations, l)referably one which permits pulsatile perfusion. The phenomena observed in these in vitro studies may not have in vivo counterparts; however, it is of interest that freshly prepared aortic intima and media from alloxan-diabetic rabbits exhibits a significantlv increased water content, and a decreased respiratory rate when determined in medium with a physiological oxygen tension and glucose in the same concentration as that present in plasma at sacrifice. This suggests that there may be in vivo counterparts to the changes that result from incubating aortic tissue from normal rabbits with elevated glucose concentrations. However, further study is necessary to clarify the genesis of the changes observed in aortic tissue from alloxan-diabetic rabbits, since a number of factors other than hyperglycemia may be involved. Thus we have previously demonstrated that alloxan diabetes results in impaired glucose phosphorylation in rabbit thoracic aorta which is reflected in a decreased glucose uptake, a decreased rate of lactate production, and a decreased incorporation of glucose-"C into 14CO2, glycogen, and total lipid (7) (8) (9) .
The nature of the alterations produced by incubating normal aortic intimna and media with elevated glucose concentrations is of interest; an increase in water content and impaired respiration have figured prominently in recent speculations concerning alterations in the metabolism of the arterial wall which might potentiate the effects of external factors that are operative in the production of arterial lesions (24) (25) (26) .
